Changes in circulating levels of catecholamines, cortisol, glucose, interleukin-6 and C-reactive protein and in the leucocyte count were investigated for 7 days after surgery in 158 patients undergoing hip or knee arthroplasty. We compared the responses to the two operations, and also examined the effects of pathology (osteoarthritis and rheumatoid arthritis) on the changes associated with knee arthroplasty. Exploratory factor analysis was applied to the data to identify the variables and sampling times that could be used in future to provide a concise description of the response. Patients undergoing knee arthroplasty showed significantly greater changes in noradrenaline, adrenaline and glucose levels, but not in cortisol levels, compared with those undergoing hip arthroplasty. Interleukin-6 and C-reactive protein concentrations were also significantly greater in knee patients than hip patients ; however, when corrected for pathology, many of these differences were not significant. Minimal effects of pathology (chronic inflammation with rheumatoid arthritis) were found on the hormonal changes in knee patients. In particular, there was little evidence to support the inference from animal data that the hypothalamicpituitary-adrenal axis is impaired. The expected increases in interleukin-6 and C-reactive protein concentrations were found in the rheumatoid arthritis patients. Exploratory factor analysis showed that the response could be separated into six components, accounting for 60 % of the total variance, and identified the variables and sampling times indicative of each. In conclusion, there are differences in the hormonal, but not inflammatory, responses to hip and knee arthroplasty. Little evidence was found for an important effect of pathology on the changes associated with knee surgery. Factor analysis provided a useful summary of the data.
INTRODUCTION
Surgery evokes a series of well-characterized hormonal, metabolic, haematological and immunological changes which are often described as the ' stress response ' to surgery [1] [2] [3] [4] [5] . This response is similar to that found in other physiological stress states, such as trauma, par-turition and exercise, and so is often considered essential for survival. However, there has been considerable interest in techniques to ameliorate the stress response, as it is thought that this may enhance recovery after surgery, although the supporting evidence remains weak [6] [7] [8] [9] [10] . Progress in understanding this phenomenon is hindered by the lack of a comprehensive description of sequential changes in physiological markers in a large group of patients. Although there have been many studies in the past two decades, most have concentrated on a few variables in a small number of patients over a short period of time in the peri-operative period.
In the present study changes in circulating levels of catecholamines, cortisol, glucose, interleukin-6 (IL-6) and C-reactive protein (CRP), and in the leucocyte count, were investigated for up to 7 days after surgery in 158 patients undergoing hip or knee arthroplasty. The responses to these common orthopaedic procedures were compared and, since animal data have suggested that the hormonal response to injury is suppressed in adjuvantinduced arthritis [11, 12] , we have examined this hypothesis in patients with rheumatoid arthritis and osteoarthritis undergoing knee arthroplasty.
An investigation of such detail is rare, and most workers measure a few variables, for example changes in circulating glucose and cortisol levels, on the assumption that they represent the overall response. It is known, however, that different components of the response do not, and should not, co-vary [4, 7] , and the results of the present study demonstrate the different time courses of the variables. Nevertheless, it would be valuable in future studies of this type to be able to measure certain variables at specific times that are representative of the overall physiological changes, rather than measuring all variables at all time points.
METHODS

Subjects
Following approval of the local Ethics Committee (GMB\ARM\92\87), sequential patients admitted to two teaching hospitals for unilateral, primary elective hip or knee arthroplasty were approached. Only those admitted before 17.00 hours on the day before surgery, and who were scheduled for surgery before 13.00 hours, were asked to participate. Of 270 patients approached, 44 were excluded, mostly because of major systemic illness such as diabetes mellitus or steroid medication within the past 6 months. Thus 226 patients were suitable, but 39 refused to participate, mainly because of the frequency of blood sampling. These 39 patients were similar to the final sample with respect to age, gender and pathology. Of the remaining 187 patients, 29 were excluded subsequently because of procedural problems, cancellation or change of surgery, or non-compliance or withdrawal from the study. Thus 158 patients were included, who were cared for by eight surgical teams.
Anaesthesia and surgery
Most patients were premedicated with oral benzodiazepine, temazepam or diazepam before transfer to the operating theatre. On arrival in the anaesthetic room an intravenous cannula was inserted and a blood sample collected. Anaesthesia was induced with thiopentone or propofol and, following the administration of a nondepolarizing neuromuscular blocking drug, the trachea was intubated and the lungs were ventilated with N # O, O # and isoflurane. Analgesia was usually achieved with intravenous morphine (2.5-28 mg), and occasionally with intravenous fentanyl (50-250 µg). Standard intraoperative monitoring included ECG, non-invasive arterial pressure, end-tidal CO # tension and arterial O # saturation. Intravenous fluid replacement was undertaken with 0.9 % (w\v) NaCl solution, and blood was transfused when necessary. Glucose-containing solutions were not given.
Surgery was undertaken, or supervised, by a consultant. The prostheses used were as follows : hip, 91 Charnley, 15 Monk ; knee, 24 Insall-Burstein II, 19 Miller-Galante, five AMK, three Genesis and one Kinemax.
Post-operative analgesia was provided by patientcontrolled analgesia with morphine in most patients, while the remainder were prescribed intramuscular morphine. Oral analgesia was provided by coproxamol, diclofenac or dihydrocodeine.
Procedure
After written informed consent had been obtained on the day before surgery, a blood sample was collected and a set of psychological questionnaires was administered (not reported here). Patients were also included in a study of the effects of pre-operative psychological preparation on post-operative recovery. In brief, patients were randomly assigned to one of three groups : control, relaxation and imagery. Relaxation and imagery patients were visited by an investigator and listened to audiotapes of relaxation instructions and visual imagery preoperatively. None of the variables described here were affected by the differing psychological management. Blood samples were collected before induction of anaesthesia and then at the following times after incision : 1 h (or immediately before tourniquet release in knee patients if this occurred sooner), 2 h (or 30 min after tourniquet release in knee patients), 4 h, 8 h, 12 h and 24 h, and then daily until 7 days after surgery. Samples of venous blood were obtained from a cannula in a forearm vein during the first 24 h, and subsequently by direct venepuncture.
Analysis of blood samples
Aliquots of plasma and serum were separated from the blood sample within 30 min of collection and stored at k70 mC until analysis. Plasma glucose was measured by a routine glucose oxidase enzymic method [coefficient of variation (CV) 1.8 % at 4.1 mmol:l −" and 1.9 % at 15.5 mmol:l −" ]. Plasma noradrenaline and adrenaline were assayed by an in-house development using ASTED (Gilson Instruments) technology. Following dialysis of the crude sample to separate protein and other macromolecules, the analytes were trace-enriched on to a strong cation-exchange resin and injected on to the HPLC column, with subsequent electrochemical detection of the catecholamines (CVs : noradrenaline, 4.7 % at 1.7 nmol:l −" and 5.4 % at 9.0 nmol:l −" ; adrenaline, 17.2 % at 0.45 nmol:l −" and 6.7 % at 7.2 nmol:l −" ). Serum cortisol was measured by a solid-phase radioimmunoassay (DPC Coat-A-Count), which had a CV of 8 % in the range 100-1500 nmol:l −" . CRP was estimated using an Hitachi 911 Analyser by immunoturbidimetry (CV 15.2 % at 6 mg:l −" and 4.4 % at 49 mg:l −" ). IL-6 samples were analysed using a commercial ELISA system (R and D Systems Europe Ltd., Abingdon, U.K.). The assay had a working range of 3-300 pg:ml −" (CV 6.3 % at 17 pg:ml −" and 3.3 % at 102 pg:ml −" ). Leucocyte counts were determined by routine haematological methods.
Plasma glucose and catecholamine concentrations were measured for the first 24 h, leucocyte counts were determined on the day before surgery and at 24 h after surgery, and the remaining variables were measured throughout the study.
Statistical analysis
In order to normalize the distribution of the data and to homogenize variances, all biochemical data, except leucocyte counts, were log
Analysis of variance (ANOVA) of each variable included one within-subject factor (time) distinguishing the samples, and one between-subjects factor (group) distinguishing hip from knee patients. Where data were missing, degrees of freedom were adjusted accordingly. Significant interactions of groupitime were examined by post-hoc t-tests using the appropriate error term from the ANOVA. Probability values were estimated after adjustment of degrees of freedom by the GreenhouseGeisser ε to allow for non-sphericity of the variance-covariance matrix. Pathology was coded and used as a co-variate (osteoarthritis compared with rheumatoid arthritis). Additional ANOVAs compared the responses in the knee patients with rheumatoid arthritis and osteoarthritis. Statistical analyses were undertaken with SPSS 7 for Windows and GENSTAT 5. P 0.05 was considered statistically significant.
Factor analysis is a method of simplifying complex sets of data, and is used mostly in psychology and the social sciences in areas such as psychometrics [13, 14] . It is usually applied to correlation matrices. A factor is defined as a construct which can account for the correlations between variables, and factor loadings are the correlations of the variables with the factors. Exploratory factor analysis is used for the preliminary investigation of a set of observed variables and makes no assumptions about the composition of the factors, may indicate clinically important factors, and provides a concise description of the data. This statistical technique was applied to the results obtained to identify the variables and sampling times that could be used in future to provide a concise description of the response.
In order to normalize the data and homogenize variances, all variables, except leucocyte counts, were log "! -transformed (log "! Xj1). Principal component analysis was undertaken to identify the dimensional structure of the data. A scree test was used to determine the number of factors to retain. The retained factors were subjected to varimax (orthogonal) rotation to simple structure, which yielded a loading matrix in which factors were defined by the variables which load on them. Loadings of 0.50 were regarded as significant, and lower loadings were ignored.
Results from all 158 patients were used in the analysis, in spite of small differences between the arthroplasties and pathologies. This was done to ensure an adequate number of subjects, since factor analysis is inappropriate when n 100. Mean values were substituted for missing data ; in an additional analysis in which patients with a missing value were deleted, the results were similar. Analysis was undertaken using SPSS 7 software.
RESULTS
Details of the patients studied are shown in Table 1 . Rheumatoid arthritis was significantly more common in knee patients than in hip patients (33 % and 4 % respectively of total patients in each group ; P 0.001). The duration of surgery, the volume of 0.9 % NaCl solution infused intravenously and volume of blood transfused were all significantly greater in the hip patients (P 0.001). The use of oral analgesics was similar in both groups. Tourniquet release in the knee patients occurred after 86p4 min (meanpS.E.M.), so that the mean timing of the second operative sample (2 h) was similar for both groups.
Comparison of hip and knee surgery
All variables changed significantly with time (P 0.001), and there were significant groupitime interactions for CRP (P 0.05), adrenaline, glucose (both P 0.01), noradrenaline and IL-6 (both P 0.001), but not for cortisol or the leucocyte count (Table 2) .
Plasma catecholamines (Figure 1)
Plasma adrenaline levels peaked at 4 h in both groups, but were significantly greater in the knee patients between 2 and 12 h (minimum t l 2.60 ; P 0.05). Adrenaline concentrations returned to control values in hip patients after 24 h, but remained significantly raised in knee patients (t l 2.09 ; P 0.05). Plasma noradrenaline concentrations peaked after 4 h in hip patients, whereas values continued to increase in knee patients, so that they showed a significantly greater response from 8 to 24 h (min. t l 2.41 ; P 0.05).
Plasma glucose (Figure 1)
Changes in plasma glucose followed a similar pattern to those of the catecholamines. The peak glucose response occurred after 4 h in the hip patients and after 12 h in the knee patients, at which time there was a significant difference between the groups (t l 2.15 ; P 0.05). Values at 24 h remained significantly elevated in both groups (P 0.001).
Serum cortisol (Figure 2)
The groups responded similarly with regard to serum cortisol ; the peak response occurred at 8 h, and cortisol concentrations were still increased after 7 days (t l 11.94 ; P 0.001).
Serum IL-6 ( Figure 2) IL-6 concentrations were significantly greater in knee patients both in the control sample (i.e. that taken on the day before surgery) and immediately before surgery (t l 3.35 ; P 0.001 and t l 4.09 ; P 0.001), and also from 12 h to 3 days (min. t l 2.58 ; P 0.05). However, IL-6 concentrations were significantly lower in knee patients than in hip patients at 2 and 4 h (t l 3.86 ; P 0.001 and t l 3.01 ; P 0.01 respectively). After 7 days, concentrations remained significantly elevated in both groups (t l 17.63 ; P 0.001 in hip patients and t l 8.52 ; P 0.001 in knee patients). IL-6 values co-varied with pathology. Adjustment for this factor decreased the extent to which concentrations in knee patients exceeded those in hip patients. Significant increases remained only in the control sample, preoperatively and at day 3 (P 0.05, P 0.01 and P 0.05 respectively). However, the lower values in knee patients at 2 and 4 h remained significant (t l 4.86 ; P 0.001 and t l 4.01 ; P 0.001 respectively).
Serum CRP (Figure 2)
The significant main effect of group (F l 5.40 ; P 0.05) suggested that serum CRP levels were greater in the knee patients, but there was a significant groupitime interaction (F l 3.38 ; P 0.05). Greater concentrations were found in knee patients at baseline and up to 8 h (min. t l 2.37 ; P 0.05), but the groups were similar thereafter.
CRP concentrations co-varied with pathology, and the higher values in the knee patients compared with the hip patients were attributed to the greater proportion of patients with rheumatoid arthritis, who have higher CRP concentrations throughout the study. After adjustment, the differences between the groups were no longer significant.
Leucocyte counts
Granulocytes increased and lymphocytes decreased similarly in both groups.
Effects of pathology on response to knee surgery (Table 3) There were no differences in the noradrenaline response between the patients with osteoarthritis and those with rheumatoid arthritis. Changes in adrenaline were similar, but concentrations were significantly lower in the rheumatoid arthritis patients compared with the osteoarthritis patients only after 6 h (t l 2.11 ; P 0.05). Glucose concentrations were lower overall in the rheumatoid arthritis group, but there was no interaction with time.
Control cortisol concentrations were significantly greater in the rheumatoid arthritis patients (t l 2.62 ; P 0.01), but the peak values after 8 h were similar in the two groups (osteoarthritis, 1040 nmol:l −" ; rheumatoid arthritis, 940 nmol:l −" ). Concentrations were significantly lower in the rheumatoid arthritis patients after 12 and 24 h (osteoarthritis and rheumatoid arthritis : 915 and 739 nmol:l −" respectively at 12 h, P 0.05 ; 718 and 564 nmol:l −" respectively at 24 h, P 0.01), but later changes were not related to pathology.
There was a significant main effect of pathology on the IL-6 response (P 0.01), but this reflected an interaction with time. Concentrations were significantly greater in rheumatoid arthritis patients compared with the osteoarthritis patients in the early part of the study (control sample and up to 4 h ; t l 2.37-7.9 ; P 0.05 to P 0.001), but this difference was not sustained for the remainder of the study. Changes in CRP reflected the difference in IL-6 response, with a significantly greater concentration in rheumatoid arthritis patients compared with osteoarthritic patients from the control sample until 12 h only (t l 3.27-9.77 ; P 0.01 to P 0.001).
Oral analgesics
Significant correlations were found between the total dose of the non-steroidal anti-inflammatory drug diclofenac and the circulating concentration of IL-6 at 5, 6 and 7 days (P 0.01) and that of CRP at 6 and 7 days (P 0.05).
Factor analysis
Factors with an eigenvalue of 1.0 are shown in Table 4 , together with their respective cumulative variance. Six factors accounted for 60 % of the total variance. After varimax rotation, loadings of 0.50 are shown in Table  5 . The six key factors were IL-6 (8 h-7 days), CRP (2 h-2 days), CRP (3-7 days), cortisol (4-8 h)jglucose (2 h-24 h), cortisol (24 h-7 days) and adrenaline (4-24 h) jnoradrenaline (4-12 h).
DISCUSSION
The patterns of changes in circulating noradrenaline, adrenaline, cortisol, glucose, IL-6 and CRP concentrations were defined for up to 7 days after surgery in 158 patients undergoing hip and knee arthroplasty. Although surgical trauma initiates the response, it is notable that peak values occurred in the post-operative period [3] . Increased adrenaline and cortisol secretion, thought to primarily reflect afferent neuronal stimulation from the operative site [2, 7] , peaked at 4 and 8 h respectively. In contrast, peak values for IL-6 and CRP were found after 24 and 48 h. Interpretation of the noradrenaline and glucose data is less clear because sampling finished after 24 h, but glucose concentrations appeared to have reached a maximum at 12 h. Cortisol, IL-6 and CRP levels remained significantly increased even after 7 days.
The persistent hypercortisolaemia was an unexpected finding. Since the post-operative samples were collected in the morning, it is possible that this change reflected comparison with a baseline sample collected on the afternoon before surgery. However, this significant increase was still found when the post-operative values were compared with the sample collected immediately before induction of anaesthesia on the morning of surgery (t l 6.76 ; P 0.001). It is likely, therefore, that the sustained increase in cortisol resulted from persistent stimulation of the hypothalamic-pituitary-adrenal axis. There is extensive endocrinological evidence in vitro to show that the cytokines IL-1β and IL-6 stimulate ACTH (adrenocorticotrophic hormone) secretion [15] [16] [17] . It is tempting to speculate that the IL-6 response to arthroplasty caused, in part, the hypercortisolaemia in the days after surgery. However, comparison of the temporal patterns of IL-6 and cortisol secretion shows that the cytokine is incapable of contributing to the significant increase in cortisol found after 2 h. The physiological function of the sustained cortisol response is unknown, but it may be an attempt to ameliorate the inflammatory response to surgery, as exemplified by the significantly increased levels of IL-6 and CRP throughout the postoperative period. Thus the ability of cytokines (and IL-6 in particular) to stimulate cortisol secretion, which is known to inhibit cytokine gene expression and hence the synthesis of further IL-6 [18, 19] , may be an important feedback mechanism to limit the inflammatory response to tissue damage. Some support for this view was afforded by a recent study in which it was found that inhibiting the cortisol response to surgery with etomidate was associated with increased IL-6 release [20] .
The pattern of the CRP response was similar to that described by Niskanen and colleagues in 373 hip and knee arthroplasty patients [21] . The steady decline in levels post-operatively was similar to the changes found by these workers in patients with ' uncomplicated ' arthroplasties. It was not possible to determine the duration of the CRP response, but extrapolation of the data suggests that it lasted for at least 12 days.
The importance of the inflammatory response in determining recovery after surgery has been highlighted by the introduction of laparascopic techniques. When these techniques are used recovery is usually enhanced, and this is associated with a decreased inflammatory response as a consequence of less tissue damage [22] [23] [24] [25] . In the present study, functional recovery was assessed carefully on a daily basis by physiotherapists, and a conservative policy was implemented with a median discharge time of 18 days. However, in some orthopaedic units rapid recovery programmes have been instituted after major joint arthroplasty, with discharge after 5-7 days. Clearly there is still a marked inflammatory response at this time, and how this affects recovery at home (functional and psychological) has not been addressed.
Some differences were observed between patients undergoing hip compared with knee arthroplasty. The enhanced sympatho-adrenal activity in the knee patients was associated with a greater glycaemic response at 12 and 24 h. The cause of this increased sympathetic activity is unclear. Major differences between the two operations in afferent neuronal stimulation are unlikely, and the early changes in cortisol were similar in the two groups. Although intravenous fluid and blood replacement was greater in the hip patients, no data were available to assess the cardiovascular status of the patients. The possibility that the knee patients were hypovolaemic, which resulted in increased sympathetic activity, cannot be excluded. The IL-6 and CRP concentrations were significantly greater in the knee patients, but the response co-varied with pathology, and a significant difference was found in only one IL-6 sample after surgery (3 days) following adjustment for this. This indicates that the inflammatory response to the two arthroplasties was similar. However, the less marked increases in IL-6 at 2 and 4 h in the knee patients compared with the hip patients persisted after adjustment for pathology. It is possible that this reflects the effect of the tourniquet in excluding the operative site, and the source of cytokines, from the circulation. The significant dose-dependent effects of diclofenac on IL-6 and CRP were only observed towards the end of the study, when the inflammatory response was declining.
Comparison between patients with osteoarthritis and those with rheumatoid arthritis undergoing knee arthroplasty showed the expected greater IL-6 and CRP concentrations in the rheumatoid arthritis patients in the early phase of the study. There were minimal effects of pathology on noradrenaline, adrenaline and glucose changes, but cortisol levels were significantly lower in rheumatoid arthritis patients after 12 and 24 h only. These results could be construed as supporting the animal data showing a decreased cortisol response to stressful stimuli in adjuvant-induced arthritis [11, 12] . It is unclear, however, why this difference was transient. The stimuli to cortisol secretion in the animal models (immobilization and intraperitoneal saline) were weak compared with major surgery, so it is possible that more severe stimuli would overcome the defect in hypothalamic-pituitary-adrenal function in experimental animals. Previous clinical work that supported the hypothesis was based on a single measurement of cortisol 48 h after surgery [26] , and a recent report noted no difference in ACTH, cortisol or prolactin responses in nine patients with rheumatoid arthritis and 10 patients with osteoarthritis undergoing hip or knee arthroplasty [27] .
Factor analysis showed the importance of at least six independent underlying factors in defining the overall response to hip and knee arthroplasty. In spite of the well recognized physiological relationship between IL-6 levels and subsequent CRP synthesis [5] , factor analysis indicated that it is necessary to measure both variables. This may reflect the inherent ' error term ' within a clinical study, which extends from the variability of the response between patients to coefficients of variability of individual assays. It is striking that changes in CRP levels are divided between two factors (Table 5) ; factor II represents the early rapid increase in levels to a peak at 2 days, whereas factor III represents the decline in levels from 3 days onwards (Figure 2 ). Factor IV includes glucose concentrations with early cortisol levels, emphasizing the independence of these commonly measured variables from other components of the stress response.
In conclusion, the present data provide useful information about the time course of changes in noradrenaline, adrenaline, cortisol, glucose, IL-6 and CRP concentrations after major arthroplasty, and emphasize the importance of selecting an appropriate sample schedule for each variable. The results indicate that studies in this area should preferably be confined to a single operation and pathology. Only weak evidence was found to support the concept of a depressed cortisol response to surgical stress in patients with chronic inflammatory disease. In addition, factor analysis afforded novel insights into important independent components of the stress response to surgery.
